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ABSTRACT
THERMAL STUDY OF LASER-ASSISTED MACHINING OF SILICON
NITRIDE
SEPEHR OMIDI, M.S.
Department of Mechanical Engineering
Northern Illinois University, 2015
Federico Sciammarella, Director

Over the last decades Laser Assisted Machining (LAM) of hard materials has
grown into a viable solution for the manufacturing industry. Interest in the machining of
ceramics has grown due to the possibilities of LAM reducing tool wear and increasing
productivity. The concept is based on heating the ceramic material into a soft phase that
makes it much easier to machine. The other advantage this technology has over
traditional grinding is that is possible to make complex shapes and even machine
threads. While there has been research in LAM of ceramics such as Silicon Nitride,
Zirconia, Alumina it often lacks comprehensive analysis for a particular laser source. In
order for industry to adopt such a technology an optimized approach to providing results
on ceramics is required. A few years ago as a result of ongoing research at NIU the
commercial technology Easy to Machine Hard Materials (EMHM™) was developed to
address this issue. While research of Silicon Nitride, Zirconia, Alumina and Cemented
Carbide are ongoing via EMHM the thrust of this research will be to provide a
comprehensive approach and reduce the time required to optimize parameters for
machining ceramics. The main issue to address for productivity in industry (when
machining) is how to minimize tool wear (so tools last longer) while removing as much
material as quickly as possible. This will obviously vary based on material and energy
available. To experimentally carry all this work out would require a vast amount of

resources and time. As such this proposal discusses the development of an easy to use
ANSYS simulation program that will enable the user to see the surface temperature
(which can translate to tool life) based on the feed rate, depth of cut, laser power and
spindle speed. There are complex thermo-mechanical forces at play and so an
optimized program is required to improve throughput of the analysis. We will develop
the first generation ANSYS simulation which will help us verify experimental work we
have done with the materials that have been researched via EMHM™.
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1. Introduction

1.1.

Ceramics

There are three basic categories for solid materials: metals, ceramics, and polymers. In
addition, composites are engineered combinations of two or more materials. Another
category is advanced materials, for example biomaterials or smart materials [1].The word
“ceramics” comes from a Greek word Keramikos, which means burnt stuff, indicating that
most of them have to undergo heat treatments for desirable properties. Most of the
ceramics are oxide, nitride, boride and carbide. Alumina, silicon nitride, titanium boride and
silicon carbide are examples respectively. The commonly used technique for machining
ceramics is diamond grinding. But diamond grinding has low material removal rate (MRR),
high cost (60-90 % of the part [2]), and undetectable surface cracks [3]. Table 1 shows some
mechanical properties of some ceramics, while Table 2 shows some thermal properties of
the ceramics. These properties are important when we want to choose machining
parameters for laser-assisted machining.
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Table 1- Mechanical properties of some ceramics [1]

Material

Flexural

Modulus

Vickers

strength

of elasticity

Hardness

(MPa)

(GPa)

(GPa)

Silicon nitride

250-1000

304

16.0

Alumina

275-700

393

26.5

Zirconia

800-1500

205

11.7
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Table 2-Thermal properties of some ceramics [4]

Material

Density

Thermal conductivity

Specific heat

(g/cm3)

(W/M.K)

(J/Kg.K)

Silicon nitride

3.4

20

900

Alumina

3.95

25

880

Zirconia

5.68

1.7

500

1.2.

Applications of Ceramics

Ceramics have lower resistance to fracture compared to metals. However, ceramics have lower
electrical and thermal conductivity and a higher elastic modulus, hardness and resistance to
high-temperature environments compared to metals. For example, internal combustion
engines are 30 % efficient now. This number can be improved at least 30% by using ceramic
components. Silicon nitride and zirconia are two of the ceramics that have successfully been
used in automotive, gas turbines, and engine components. Currently, diamond grinding is one
of the most common methods for ceramic machining. However, diamond grinding is an
expensive technique and costs 30-60 % of the total cost of the part [3].
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1.3.

Machining of Ceramics

Engineered ceramics are machined to final tolerance by (1) coarse, (2) intermediate, and (3)
fine grinding because they are brittle and sensitive to surface damage. However, this approach
suffers several disadvantages in addition to a low material removal rate. These disadvantages
include low surface finish quality and high cost and also higher tool wear. LAM can improve the
surface roughness by 25 % [5]. The tool life is in the range of 40 minutes, which is a significant
enhancement compared with that without laser heating [3]. Laser-assisted machining shows
decreases in processing cost by about 60-80 % [6].

In order to try and take advantage of the hardness, stiffness, and wear resistance of
ceramics, turning is the common approach that can be applied to produce components such as
engine linings, pistons, and roller bearings. Figure 1 shows a turning machining schematic in
which “d” illustrates depth of cut and “Vc” shows feed rate.
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Figure 1- Schematic of laser-assisted machining [7]

The machinability of each material is usually defined in terms of four important factors [4]:


Surface finish and surface integrity of the machined part



Tool life



Force and power requirements



The level of difficulty in chip control
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Good machinability means good surface finish, good integrity, long tool life, low force, and
continuous thin curled chips. It has been shown that with the laser power of 1200-1600 W
there would be 10% reduction in cutting force compared to 0 W power [5].

1.4.

Finite Element Method

Finite element method is a numerical procedure that can help us obtain a solution to
transient, steady, linear, and nonlinear problems in stress analysis, fluid flow, heat transfer,
and electromagnetism systems [8]. A significant step in utilizing finite element method was
taken by Boeing in the 1950s; they used triangular stress elements to model wings of an
airplane.

ANSYS is a finite element program that was released in 1971 [8], and it contains more
than 100,000 lines of code. In order for the users to successfully be able to use ANSYS, they
need to understand the inner procedure of the software, which is finite element method.
There are six basic steps to solve a problem using finite element method [8]:
1. Create the solution domain into finite elements (subdivide domain into nodes and
elements)
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2. Assume a shape function to represent the physical behavior of an element.
3. Develop equations for an element.
4. Assemble the elements to present the entire problem.
5. Apply boundary conditions and initial conditions.
6. Solve a set of algebraic equations simultaneously to obtain nodal results.

1.5.

Laser Processing

Lasers have been widely used in industry for several purposes such as melting, welding,
cladding, surface heat treatment and so on; one of the laser applications is laser machining
(LM), which is a noncontact process to melt materials. CO2, ND:YAG, and excimer are three
main types of industrial lasers. Carbon dioxide (CO2) and neodymium-doped yttrium
aluminum garnet (Nd:YAG) lasers are mostly used for welding, cutting, and marking. Lasers
are can either be continuous wave (CW) or pulsed waves. High initial cost and expensive
repairs are the problems of these lasers. Semiconductor lasers are good alternatives due to
their higher wall plug efficiencies (30-40%), smaller size, and longer diode lifetime [9]. It is
also possible to deliver the laser energy through fiber optic cables. Therefore, high-power
continuous wavelength laser has been used for laser-assisted machining process at NIU.
Laser machining has some potential disadvantages such as thermal damage, microstructural
change and poor surface finish due to the intense localized heating [2].
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1.6.

Laser Assisted Machining

Laser-assisted machining (LAM) combines laser technology with machining. The Laser
preheats the material prior to removal, which is done with standard tools that are used for
turning applications. Additionally, temperature on the ceramic surface should be within a
range since increasing the heat would cause the hardness and strength to be decreased [2].
Laser also helps change the material’s behavior from brittle to ductile.

However,

overheating may damage the tool or workpiece or even cause alteration of the workpiece
properties. Therefore, a good understanding of the laser intensity and machining parameters
and their effect on the temperature is essential. The minimum temperature at the cutting
zone or depth of cut (DOC) should be above the material softening temperature [2,10]. In
LAM both Nd:YAG and CO2 have been used. However, CO2 has been less beneficial due to
low absorptivity of laser energy [10] due to its longer wavelength (10.6 microns) compared
to Nd:YAG (1.0 microns). Laser-assisted machining system designed by Dr. Shin et al. is
shown in Figure 2. Note the laser beam between the laser head and the workpiece is
invisible to the eye.
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Figure 2- Laser-assisted machining system at Purdue University

1.7.

Literature Review

In 2010 Brecher et al. published a paper on laser-assisted milling. Although there are some
differences compared to laser-assisted machining, such as lower feed rate, we can use some of
their data. Machinability of technical ceramics such as silicon nitride by grinding is limited
because of [11]:


Large cutting force and high tool wear



High demand for cooling lubricants



Expensive process additives



Microcracking, especially in diamond grinding



Insufficient material removal rate
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Limited geometrical flexibility while machining

They also showed how the temperature of silicon nitride affects its strength and cutting force.
Figure 3 shows the strength of the material as a function of temperature (silicon nitride is
shown in red), and Figure 4 shows required cutting force for different temperatures. For silicon
nitride, if the cutting temperature is above 1000 0C, there is a drop in cutting force. Laserassisted heating has several advantages over bulk heating or welding torch heating. These
advantages include faster heating and power transmitted into the material prior to removal.

Figure 3- Mechanical strength as a function of temperature [11]
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Figure 4- Cutting force and tool wear change with temperature [11]

In 2000, Rozzi et al. conducted research on the effect of the laser and machining parameters on
the surface temperature for silicon nitride. They used a CO2 laser with CBN tool and also a
single-wavelength fiber-optic pyrometer to measure the surface temperature. Table 3 shows
the change in parameters and how they can affect surface temperature (T) and surface
roughness (R) [12]. The diameter of their workpiece was 0.333 inch and 2.25 in length.
Parameters for Case 1 are as follows: P= 250W (laser power), S= 1000 RPM (spindle rate), f=
0.0003937008 in/rev (feed rate), DOC = 0.1 in (depth of cut), Dl=0.1 in (beam diameter), and
preheating time was 10s.
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Table 3- Effect of LAM parameters on silicon nitride temperature [12]

Case

Difference from Case 1

Measured T (0C)

Measured R (µm)

1

NA

1293

0.39

2

S= 500 rpm

1190

0.42

3

S= 2000 rpm

1252

0.38

4

f= 0.0007874016 in/rev

1113

0.30

5

DOC= 0.0590551 in

1329

0.75

6

Dl= 0.07204724 in

1305

0.45

7

Dl= 0.1511811 in

1151

0.48

8

P= 200 w

1078

0.38

9

P=300 w

1461

0.36

They also developed a thermal model for the surface temperature with validated results above
[13]. However, the equations are complicated and they need a lot of time and effort to be
solved, but it was a good starting point for simulating the LAM process.
In 2004, Pfefferkorn et al. used laser-assisted machining for zirconia [14]. They used a 1500 W
CO2 10.6µm wavelength laser and a single-waveband pyrometer with a 0.078 in. spot diameter
for their experiments. The emissivity of the pyrometer was 0.97 [14] and it was mounted under
the workpiece while the laser was heating from the top and the pyrometer and the laser were
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moving with the tool. They also provided the thermal conductivity and specific heat of the
zirconia as a function of temperature (Figure 5).

Figure 5– Thermal conductivity and Specific heat of MG-PSZ [14]

They used laser diameter of 0.15748 in., spindle speed of 800 RPM and 6 s preheating time as
fixed parameters with PCBN tool. Table 4 lists all variable parameters for different cases and the
measured temperature for each case.
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Table 4- Effect of LAM parameters on zirconia temperature [14]

Case

P (w)

DOC (in)

f(in/rev)

T (0C)

1

200

0.02

0.0007874016

1000

2

100

0.02

0.0007874016

530

3

250

0.02

0.0007874016

1200

4

300

0.02

0.0007874016

1390

5

200

0.02

0.001574803

850

6

200

0.02

0.0003937008

1110

7

200

0.3

0.0007874016

970

8

200

0.04

0.0007874016

940

9

150

0.02

0.0007874016

770

In 2006 Tian and Shin tried to create a thermal model for laser-assisted machining of silicon
nitride. Because Shin, Pfefferkorn, and Tian were all from the Purdue University manufacturing
group, the process parameters are the same using CO2 laser with 10.6 µm wavelength to refine
Rozzi’s thermal model for silicon nitride *15]. However, to understand the history of laserassisted machining of silicon nitride, it is good to know their results. Their workpiece was
0.326772 in in diameter, and the laser spot size was 0.15748 in. Eight seconds of preheating
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time and DOC 0.0275591 in. was fixed for all conditions. Other parameters are shown in Table
5.

Table 5- Effect of LAM of silicon nitride parameters on temperature [15]

Case

P (w)

Spindle (RPM)

f(in/rev)

T (0C)

1

280

1000

0.0007874016

1300

2

260

1000

0.0007874016

1200

3

300

1000

0.0007874016

1400

4

280

500

0.0007874016

1300

5

280

1500

0.0007874016

1300

6

280

1000

0.0003937008

1400

7

280

1000

0.001181102

1280

In the next volume of Journal of Manufacturing Science and Engineering in 2007, Tian and Shin
published a refined model for laser-assisted machining of silicon nitride [16]. In this model, they
used finite element method to predict the cutting force and residual stresses. They used
hexagonal cells to model silicon nitride, and this time, they also simulated the tool. They used
friction coefficient of 0.2 for the contact between the continuum elements of silicon nitride
cells. They used ABAQUS 6.2 to simulate laser-assisted machining process. They assumed the
yield strength to be 25 MPa at 1400 °C. These investigators used PCBN tool with nose radius of
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R= 0.0314961 in. and an approximate cutting edge radius of 10 µm, DOC 0.039 in. and feed rate
of 20µm/rev, with an assumed maximum temperature to be 1200-1500 0C. The resulting
cutting force was 60-110 N and residual stress was calculated to be 100-500 MPa [16].

For completeness, in 2008 Tian et al. investigated laser-assisted milling of silicon nitride. They
showed that laser-assisted milling is efficient in terms of tool wear, surface finish, and
repeatability. They showed experimentally that surface roughness and tool wear are decreased
with the increasing temperature [17]. In 2012, Sun and Man developed a finite element model
of the laser-assisted machining technique using ANSYS Workbench. They simplified the model
and tried to model laser-assisted technique with a moving laser spot on a flat surface. Figure 6
shows the meshed model of the simplified workpiece and Figure 7 illustrates how the 0.11811
in. laser spot moves [6].
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Figure 6- Meshed model of the simplified workpiece [6]

Figure 7- Position of the laser spot at different time spots [6]
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This work developed an approach to simulate a moving heat source in ANSYS Workbench.
However, the feed rate that they used was 0.787402 in/s, and there was no preheating time
[6]. Despite this progress, the assumptions used in the model oversimplified what actually
happens in LAM.
In 2014 Venkatesh et al. [5] published a laser-assisted cutting of difficult-to-cut materials in
their review of earlier LAM studies of different materials and compared LAM with other
techniques. An interesting fact was that by changing the laser power from 1.2 KW to 1.6 KW,
the cutting speed was increased from 25 m/min to 125 m/min. This shows the non-linear effect
of laser power on cutting.
In 2014 Joshi et. al tried to model laser-assisted machining with ANSYS, and they used the same
simplification assumptions as Sun did. They modeled the moving laser spot on a flat surface and
they used solid 8-node 70 elements to simulate this thermal analysis in ANSYS APDL. They tried
to compare the temperature for different laser powers and feed rates. This resource provides
insight to understand heat penetration patterns inside the workpiece for different LAM
parameters. However, the simulation could not be accurate due to the simplifying assumptions
made [18]. They simulated the workpiece as a flat surface, and they neglected the rotation.
Figure 8 shows their ANSYS APDL results.
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Figure 8- Temperature distribution [18]

Their results show that the maximum temperature on the surface is 14900 ; however, as we will
talk about it later, the maximum temperature decreases with the increase in feed rate. That is
why this result is more than expected.

Laser-assisted machining have been proved repeatedly to be one of the most efficient
techniques to machine ceramics and other hard materials. This technique can be more efficient
if we can choose the best set of parameters. One way to compare the results of different sets of
parameters is doing experimental tests. Since experimental tests require time and cost, many
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scientists tried to model this process in order to be able to calculate the temperature and
cutting force for different sets of parameters that they used as inputs. However, the models
that have been introduced so far either have a lot of simplification assumptions or they are
complex. These simplification assumptions would affect the results. The goal of this thesis is to
offer a new model with the least simplification assumptions that have been verified by
experimental results.

2. Experimental Tests

In this chapter, we will study the effects of feed rate, depth of cut, spindle speed, laser power,
and tool on the surface roughness and maximum surface temperature. We will be compare the
results in Chapter 3. We also use the experimental results to verify the simulated model.
2.1. Materials
Silicon nitride ceramics have been used to study laser-assisted machining parameters. The
samples were all 0.506 inch diameter and 3.2 inches long. Strength of silicon nitride can be seen
in Figure 3, since it varies with temperature. Table 5 shows the thermal conductivity and
specific heat of the material based on the temperature, and the density is shown in Table 2. The
emissivity of silicon nitride is 95% [13].

This NIU study of LAM used CBN and PCD tools to study the effect of the tool on surface finish.
The geometry of tools used for LAM of silicon nitride can be seen in Figure 9.
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Figure 9- Tool holder and tool properties

2.2.

LAM System Design

The NIU LAM used TL1 HAAS lathe CNC machine with a fiber diode 200 W laser for our laserassisted machining system. The CNC machine is shown in Figure 10 before LAM setup. Laserassisted machining system (EMHM™) can be seen in Figure 11 with the lasers and safety curtain
around the system.
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Figure 10- TL1 HAAS CNC controller

Figure 11- EMHM system
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The system consists of a 200 W continuous-wavelength diode laser and a fiber pyrometer to
measure the heat. The pyrometer can only capture temperatures above 800 0C, and also the
spot size of the pyrometer should be smaller than laser. The system design is shown in Figure
12 and the spot sizes of laser and pyrometer are shown in Figure 13. It is also important to
mention that the laser and the pyrometer are moving with the tool and they all affect the same
cross-section area of the workpiece simultaneously.

Figure 12- Laser and pyrometer

Figures 12 and 13 are just to illustrate the design of the LAM process. In this picture the
workpiece is alumina, but the system design is the same for silicon nitride. The distance
between the laser spot and the pyrometer spot is 0.08 in.
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Figure 13- Laser and pyrometer spot sizes
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2.3.

LAM Parameters

The parameters that we can change in LAM are laser power, feed rate, depth of cut,
spindle speed, pyrometer distance, laser spot size diameter, number of pass, and length of
cut. We did several tests on silicon nitride to evaluate the effect of each parameter on
surface temperature and also surface roughness. The pyrometer distance and laser spot
diameter was constant, 3.7 in. and 0.066 in. respectively. The parameters that were used for
silicon nitride cutting are shown in Table 6. In order to be able to compare results and see
the effect of each parameter, we changed one parameter in each test. Furthermore, in order
to verify the repeatability of the process, we conducted some tests twice with the same sets
of parameters.
Table 6-NIU LAM parameters for silicon nitride

Case

P

Spindle

f

DOC

(w)

speed

(in/rev)

(in)

Tool

Length

Passes

(in)

(RPM)
1

125

500

0.0004

0.005

CBN

0.3

1

2

125

500

0.0005

0.006

PCD

0.3

1

3

125

500

0.0005

0.006

CBN

1

1

4

125

500

0.0005

0.006

CBN

1

1

(continued on following page)
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Table 6.

Case

continued.

P

Spindle

f

DOC

Tool

Length

Passes

(w)

(RPM)

(in/rev)

(in)

5

125

500

Varied*

0.006

CBN

1

1

6

125

Varied

0.0005

0.006

CBN

1

1

7

100

500

0.0005

0.006

CBN

0.3

1

8

75

500

0.0005

0.006

CBN

0.3

1

9

0

500

0.0005

0.006

CBN

0.5

1

10

189

900

Varied*

0.01

PCD

0.3

1

11

125

500

0.0005

0.003

PCD

0.3

1

12

125

500

0.0005

0.01

PCD

0.3

1

13

125

500

0.0005

0.006

PCD

1

1

14

125

500

0.0005

0.006

CBN

1

1

15

125

500

0.0005

0.006

CBN

1

1

16

189

500

0.0005

0.006

CBN

1

1

(in)

(continued on following page)
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Table 6. continued.

Case

P

Spindle

f

DOC

Tool

Length

Passes

(w)

(RPM)

(in/rev)

(in)

17

189

500

Varied*

0.006

CBN

1

1

18

125

500

Varied*

0.006

CBN

1

1

19

125

500

0.0005

0

-

1

3

20

125

1000

0.0005

0

-

1

3

21

155

700

0.0005

0

-

1

3

22

125

500

0.001

0

-

1

3

23

125

500

0.0005

0.006

PCD

1

3

24

100

500

0.005

0.005

PCD

0.5

10

25

100

500

0.005

0

-

0.5

5

26

125

500

0.005

0.005

PCD

0.5

13

27

125

500

0.0005

0.002

PCD

0.3

3

28

125

500

Varied*

0.04

PCD

0.6

3

(in)
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In order to save time, for some cases, varied individual LAM parameters were used. For test
Case 5, the feed rate changes from 0.0005 to 0.0007 ipr. For test Case 6, the spindle speed
changes from 500 to 900 rpm. For test Case 10, the feed rate changes from 0.45 to 0.9. For test
Case 17, the feed rate changes from 0.0007 to 0.001. For test Case 18, the feed rate changes
from 0.0007 to 0.0012. And finally for the 28th test, the feed rate changes from 0.0006 to
0.001.

3. FEM Analysis
3.1. Geometry
Four different models were designed to compare results for different boundary conditions, and
also explore some approaches for future works. All the models assumed that the workpiece is a
5.9 in. cylindrical rod with a diameter of 1 in., the laser power is 125 W, and the rotational
velocity is 500 RPM. We choose the parameters for the simulation based on the experimental
tests. We can compare our results with Case 27 to verify our model.
Model I – rotational heating.
Model I is a body containing eleven parts as shown in Figure 14. Six segments model the active
cutting slice and five segments model the remaining volume of the workpiece.

In order to calculate the temperature in the depth of cut for Model I, there is a surface in the
depth of cut, so we have a body outside the surface to see the temperature there. The part
which is going to be cut is shown in Figure 15, which is a thin-walled tube with an outer
diameter of 1 in., inner diameter of 0.97 in., and the length of 0.039 in.

31

Figure 14- Geometry for model 1

Figure 15- Model I skin to be removed from workpiece
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There are four quarter-hollow cylinders inside the depth of cut as shown in Figure 16 to take
advantage of symmetry. In addition, within a quarter segment, mesh sizing functions are used
to have smaller elements near the surface and larger elements in the center to have more
accurate results while saving analysis time. These quarter-hollow cylinders have outer diameter
of 0.97 in. and inner diameter of 0.39 in. and length of 0.25 in. each, in order to show the radial
distribution of temperature during laser surface heating.

Figure 16- Model I quarter segments of the workpiece

There is also a cylinder inside the quarter-hollow cylinders that uses tetrahedron elements to
save computation time since the temperature in the center is not of interest. The cylinder is
shown in Figure 17. The core cylinder has a diameter of 0.39 in. and thickness of 0.039 in.
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Figure 17- Model I core cylinder of the workpiece

The rest of the model contains four hollow cylinders with outer diameter of 1 in. and inner
diameter of 0.39 in. and length of 5.866 in., and there is also another cylinder inside them with
a diameter of 0.39 in. and length of 5.866 in. It is shown in Figure 18.
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Figure 18- Model I five-segment construction of the remaining volume of the workpiece which is
connected to the six-segment construction of laser affected cutting slice

This 11-element geometry is used for two models. One boundary condition is used with no
simplifying assumptions on first model. The second model would have different boundary
conditions. This understanding is used to guide the Model 4. The boundary conditions are
discussed further in Section 3.2.
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Finally, Figure 19 is a close-up image of the CAD part of Models 1, 2 and 3. Note that the outer
skin directly exposed to the laser is divided into 60 sections.

Figure 19- Close-up of CAD part of Models 1, 2 and 3

3.2.

Meshing and Boundary Conditions

3.2.1. Meshing
Meshing is the most important part in simulation. With poor meshing, the software will still
give results that might not be accurate. That is why we choose our elements carefully and try to
mesh the model in an efficient way, conducting a convergence study comparison of the FEA
predictions to the measured temperature from current and prior experimental results to
validate the model. The model is meshed with three different numbers of elements. As the
number of elements increased, the results converged to a specific number. Once convergence
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is established, there is no need to increase the number of elements because the results will not
significantly change, but the simulation time increases dramatically. Figure 20 shows the finest
mesh used for this model with some bias factor. Solid 70 8-node 3D thermal element is used for
a 3D transient thermal analysis [18] as shown in Figure 21. One needs to be careful that the
aspect ratio of the elements closes to one. Figure 22 shows how the elements are arranged
inside the workpiece; this section has a distance of 0.295276 in. from the laser spot area. The
inflation rate of 1.2 has been used in order to have a smooth change in meshing change inside
the workpiece.

Figure 20- Meshed model
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Figure 21- Element geometry solid 8-node 70 [18]
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Figure 22- Section inside the workpiece for mesh 2

As seen in Figure 20, there is a uniform mesh with a reasonable aspect ratio. The nodes
connect at the intersection of the major sections, and smaller quadratic elements are used
where the temperature distribution is more critical in the cutting zone. Element and node
information for mesh convergence are summarized in Table 7.
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Table 7- Size of the models for mesh convergence

Case

Number of node

Number of element

1

2,527

783

2

30,892

7,748

3

180,190

44,006

3.2.2. Initial and Boundary Conditions
Initial condition for the workpiece and the ambient was assumed to be 22 0C (room
temperature). For the Model I, 60 heat flows are applied around the workpiece circumference
as a periodic function to simulate the preheating of laser with 125 W powers. We divided the
surface into 60 parts and applied 60 heat flow (one on each), as shown in Figure 23.
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Figure 23- Model I heat flow

We also applied convection on all exterior faces of the workpiece in order to improve accuracy.
Although some researchers neglect the effect of radiation and convection [3], heat convection
coefficient of

[17] was used for this study. Thermal properties for this simulation are

shown in Table 8. We neglect the radiation [3].
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Table 8- Conductivity and specific heat of silicon nitride based on temperature [3]

T(0K)

Thermal

conductivity

Specific heat (J/Kg.K)

(W/m.k)
400

25.1

810

600

21.4

960

800

20.0

1050

1000

19.2

1080

1200

18.1

1110

1400

17.3

1110

1600

17.0

1115

There are 60 heat flows which are periodic functions with an offset between them to simulate
the rotation of the workpiece. For 500 RPM spindle speed, the workpiece will have one
revolution in 0.12 s. Therefore, in 10 seconds the shaft will have 83.3 revolutions. The time that
the laser heats each part in each revolution is 0.002 s because each revolution is 0.12 s and we
have 60 pieces. So for example, for the first surface, the heat flow is shown in Figure 24. A
close-up of the first peak is shown in Figure 25. This is one of the heat flows shown in Figure 23.
We used two different patterns for heat flow on the first model. The first heat flow can be seen
in Figure 25, and the second heat flow is shown in Figure 26. Figure 24 is for 10 seconds; if we
zoom in a range of about 0.03 s, we can see Figure 25 or 26 in ANSYS.
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Figure 24- Heat flow for the first piece for 10 seconds

Figure 25- First heat flow for the first piece in first model

Figure 26- Second heat flow for the first piece in first model
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The following equation is used to calculate the heat flow where

is power density:

We used 125 w power for experimental with laser spot diameter of 0.66 in, so the power
density should be:

A2 equals to the area on which the heat flow is applied and

is average power:
2

Figure 26 shows the pattern of the heat flow; the input heat flow for ANSYS in this study is
82.43 W. This power is the peak power for the heat flow shown in Figure 24. The peak power
for peak 25 should be twice, so that the average remains the same.
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The power is zero at the beginning, then it reaches the maximum at 1/600s (0.00167 S), then it
will be zero again at 0.0033 s. In order to apply this load in ANSYS, we can generate the data in
Excel or Matlab first, then we can import the Excel file into ANSYS. I would recommend Excel
because it would be easier and we can save a lot of time using Excel. However, I will copy the
Matlab code, so that you get the idea of how to generate the time steps:
g=input('insert number of node')
for i=1:200
f=i/10+(g-2)/600
t=i/10+(g-1)/600
p=i/10+g/600
p1=3*i
t1=3*i-1
f1=3*i-2
v(f1)=f
v(t1)=t
v(p1)=p
for j=1:3
xlswrite('nsys1',v,'sheet1')
end
end

The code contains 200 loops; in each loop, it generates three numbers.The first number and
third number in each loop (p and f) are where the laser power is zero on the piece number “g”
and the second number in each loop (t) is where the power is maximum. This program will
write the time steps in an excel file; then we can add powers and import them in ANSYS.
However as mentioned before, it is easier to use Excel directly. This code is just for illustration.
As you can notice from the code, each peak has a 0.00167s offset from the last piece in order to
simulate the rotation of the shaft.
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To build Model 2, Model I is simplified by neglecting the rotation. The purpose is to compare
the results. The boundary condition for the Model 2 is similar to the Model 1 except the heat
flow is not a periodic function; it is a constant value applied on all 60 pieces for 10 s and the
heat flow is at the same magnitude as Model I.
3.2.3. Mathematical Equations
The heat transfer model over the volume of the workpiece can be described by the
following governing equation [3]:

∫ (

(

(3.4.3.1)

))

∫( ̈

)

∫( ̈

∫

)

(

∫( ̈

∫( ̈

)

)

)

∫

(

∫

(

)

)

where S2 is the laser spot area;
S3 is where the cutter is in contact with the workpiece in one cut (if cutting);
S4 is the area including all the workpiece surfaces open to surroundings except S2, S3;
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0

T(x,y,z,t) for (t=0)= 22 C =
For S1 the boundary condition is considered adiabatic and defined by equation 3.4.3.2;
(3.4.3.2)

For S2 in addition to free convection and thermal radiation, there is also a heat flux from the
laser. Thus the boundary conditions can be defined as:

̈

̈

(3.4.3.3)
̈

where ̈ is heat flux from the laser, h is the convection coefficient (W/m2K), is emissivity of
silicon nitride surface, T is temperature (C), n is unit normal vector, and

is Stefan-

Boltzmann constant.
̈

is convection heat flux,
̈

is radiation heat flux,

̈

̈

;
.

For S3, besides convection and radiation, there is a heat generated due to plastic deformation
and tool workpiece friction in machining. Thus the boundary condition is:

̈

̈

̈

(3.4.3.4)

The area of S3 moves with laser beam. For area of S4, only radiation and convection exist. Thus
the equation is:
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̈

̈

In our case, S3 is equal to zero.

(3.4.3.5)

4. Results
4.1. Surface Roughness
As we conducted different tests, we measured surface roughness of different samples to
compare the quality of finished surfaces. For silicon nitride, there were 28 tests and the results
for surface roughness are gathered in Table 9.

Table 9- Surface roughness

Case

Surface roughness (µm)

1

0.812

2

1.22

3

0.7

4

0.6

5

1.12-0.97

6

0.665-0.926

7

0.7
(Continued on following page)
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Table 9 continued
Case

Surface roughness (µm)

8

0.726

9

0.8

10

0.596-1.279

11

0.719

12

0.690

13

0.974

14

0.76

15

0.650

16

3.817

17

0.733-0.847

18

0.488-0.646

19

-

20

-

21

(Continued on next page)

50
Table 9 continued
Case

Surface roughness (µm)

22

-

23

-

24

1.034

25

-

26

1.27

27

0.593

28

-

The surface of Case 15 was one of the best among all, as you can see in Figure 27. These
pictures were captured at NIU material lab in the Engineering Building. Figure 28 is the
surface of Case 16 which was burnt by the laser exposure and had the roughest surfaces.
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Figure 27- Surface of Case 15

Figure 28- Surface of Case 16
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4.2. Measured Temperature
Surface temperatures were measured for Case 19 to 28 for parameters given in Table 6. This
section compares the measured surface temperatures.
In Case 19, the maximum surface temperature is shown as a function of time in Figure 29.

Figure 29- Maximum surface temperature for Case 19

Three passes of heating were done in Case 19. No cutting took place in order to focus on
temperature for laser power of 125 w, spindle speed of 500 RPM and feed rate of 0.0005
in./rev. Figure 29 shows three passes of 1 inch length. With the exception of the first pass, the
maximum temperature occurs at the beginning of each pass. This means that there is less
conduction within the workpiece to produce a higher temperature at the surface. As the
workpiece warms from continued laser exposure by moving in the longitudinal direction, the
workpiece conducts more heat in both directions. The second pass is different with the first
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pass, which shows the effect of preheating. However, second pass is also similar to the third
pass, which means it is not necessary to have more than one pass of preheating.

Figure 30 shows the maximum surface temperature for Case 20. All processing conditions are
similar to Case 19, except for the spindle speed. When the spindle rotates faster, the feed rate
(in/rev) in longitudinal direction increases. This reduces the difference between the maximum
and the minimum surface temperature. So the take away is that increasing the spindle speed
leads to decreasing the surface temperature.

Figure 30- Maximum surface temperature for Case 20
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Figure 31 shows Case 21 that has higher power than Case 20 and lower spindle speed (155w,
700 RPM.). As expected, increasing the power increases the surface temperature.

Figure 31- Maximum surface temperature for Case 21

Figure 32 shows the temperature vs. time for Case 22. This is again similar to Case 19, except
the feed rate is twice as fast. This result is similar to Case 20 where the spindle was rotating
twice as fast. In both Case 20 and Case 22, the feed rate is 0.5 in./min. The feed rate has an
inverse effect on surface temperature. However, the effect of changing the spindle speed is
small, especially for the second and the third passes. The temperature in the first pass is almost
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constant for Case 22 compared with Case 21, and the reason is that the feed rate is twice more
and the power is less. That means when the feed rate is lower we have more radial conductivity
because the heat has more time to penetrate inside the workpiece.

Figure 32-Maximum surface temperature for Case 22

Figure 33 shows the maximum temperature for Case 23, where the process variable is identical
to Case 1, except the workpiece is machined. This case shows that the cutting process would
increase the temperature 7% (60 oC). This effect is more obvious in the first pass and less in the
third pass because it is 40 oC, and it can be neglected compared to laser heating (4%).
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Figure 33- Maximum surface temperature for Case 23

Figure 34 shows the maximum temperature of Case 24. The power is 100 W, the spindle rate is
500 RPM, and the feed rate is ten times greater than the feed rate of Case 19 and small depth
of cut. Figure 34 shows eight passes with high feed rate. The temperature is about 805 to
830 °C, which again proves that the increase in feed rate decreases the surface temperature.
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Figure 34- Maximum surface temperature for Case 24

In Case 25, which is the same as Case 24, the temperature is examined in the absence of
machining. Figure 35 shows the maximum temperature in five passes.
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Figure 35- Maximum surface temperature for Case 25

Figure 36 shows the maximum temperature for Case 26. In this case, the workpiece is cut with
the power increased from 100 W to 125 W. We also run 13 passes with high feed rate, as can
be seen in Table 6. The temperature rises 2% with a 25% increase in power.

59

Figure 36- Maximum surface temperature for Case 26

Figure 37 shows the thermal history for Case 27, which decreased the feed rate and increased
the depth of cut, for three passes. The feed rate of Case 27 is 10% of the feed rate of Case 26,
and the maximum surface temperature is 1300 higher. The longitudinal feed rate in Case 27 is
lowest among the cases, and we have less alternation in maximum temperature.
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Figure 37- Maximum surface temperature for Case 27

The temperature for Case 28 has the same parameters as Case 27, but the feed rate is
increased from 0.0006 to 0.001 ipr. Figure 38 is the temperature for the last pass. The
maximum temperature is near the beginning of the pass, and then when it gets to 800°C, it
means that the test is over because the pyrometer could not measure the temperatures less
than 799, so when it shows that the temperature is 800, it might be any temperature below
800. In Case 28 we see the temperature for pass three. Unfortunately, due to the need to
change the feed rate manually, we were not able to turn on the pyrometer until the last 10 s of
the second pass, and Figure 38 shows the temperature for the last 10 s of pass two and pass
three.
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Figure 38- Maximum surface temperature for Case 28

4.3. FEM Results
The result for the mesh convergence is shown in Figure 39.
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Figure 39 Temperature convergence

The maximum temperature converges to a specific value, and there is less than 2% difference
between second and third meshing. The convergence study is done to find the most efficient
element size and numbers that can give us accurate results and are computationally cost
effective. Once we find the desired mesh settings, we can set up the simulation again with any
parameter that we want. Since we want to compare our simulation with the experiments, we
use the power input that has been discussed in Section 3.2. The maximum temperature for the
first heat flow pattern shown in Figure 25 (for 1 seconds) is shown in Figure 40. The maximum
temperature for the second heat flow pattern shown in Figure 26 (for 10 seconds) is shown in
Figure 41. As you can see, the fluctuation is a lot (300 oC) compared to the second heat flow, in
which the fluctuation is less than (20oC). The average of the maximum temperature in Figure 40
is 80% of the temperature shown in Figure 41 after 1 seconds. After 3 seconds, the average
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temperature that resulted from the first heat flow will be 5% more than the results of the
second heat flow in Model 1.

Figure 40- Maximum temperature for Model 1 heat flow 1

Figure 41- Maximum temperature for Model 1 heat flow 2

The ANSYS prediction is the maximum temperature after 10 seconds, compared to the
measured temperatures. However, both simulation and experimental results show that for
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used parameters, the temperature converges after 1.3 seconds and the change from then to 10
seconds is less than 5%.

The results for Model 2 are shown in Figure 42. The maximum surface temperature is about
900 oC while in Model I it is 1100oC. Figure 42 shows the results for Model 2 which applies the
power as a power density on the entire the surface. In other words, it assumes that the
workpiece rotates with the infinite rotational speed. The laser is uniformly heating the entire
circumference of the workpiece. Although Model 2 neglects the effect of rotation, its results
are closer to experimental results. The reason is the position of the pyrometer spot. In the
experimental tests, the pyrometer does not measure the temperature of the laser spot. The
pyrometer measures the surface temperature after the laser heats the workpiece and that is
why the results of experiments match the results of the second model. Model 1 is more
accurate to calculate the surface temperature. However, Model 2 is more useful. The reason is
that using Model 2 we can calculate the temperature in the depth of cut and by moving the ring
in the longitudinal direction, we can build Model 3 (which is in the future works.)
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Figure 42- Maximum temperature for second model

The results of the ANSYS simulation and experiments (Case 27) are compared in Figure 43. The
difference between the results of experimental tests and Model 2 is about 0-10%. Since there is
a 0.08 in distance between the pyrometer spot and laser spot (as you can see in Figure 13 in
Section 2.2), the measured temperature is not the maximum surface temperature. Model 2
gives us the average surface temperature which matches the results, and as it was expected,
the results of Model 1 are about 20-80 oC higher (2-8%) than what pyrometer measured. The
parameters used for the simulation are the same parameters as Case 27. Figure 44 shows the
first 10 seconds of Case 27 temperatures at the tool spot compared to 10 seconds of simulation
results for Model 2. Figure 43 shows the maximum temperature for Case 27 at the laser spot
compared to simulation result of Model 1. Figure 45 is a schematic that shows why there is a
difference between the temperature results in Figures 43 and 44.
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Figure 43- Experimental results compared to simulation for Model 1

Figure 44- Experimental results compared to simulation for Model 2
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Figure 45-Position of the pyrometer and laser spots on the workpiece

For all 27 tests, the distance between the two spots is 0.08 in. However we repeated Case 27
with the same parameters, and we changed the distance between the spots to be zero. The
result of that is shown in Figure 43. That is why the temperature is higher in Figure 43,
compared to Figure 44. As it was expected, the results of Model 1 are close to the laser spot
temperature, and the results of Model 2 are close to the average surface temperature with
the

pyrometer

measures

where

the

tool

will

be

inserted.

5. Conclusions

The goal of this thesis is to study the thermal aspect of laser-assisted machining of silicon
nitride. We conducted several tests to see the effect of each parameter on the laser-assisted
machining of silicon nitride experimentally. We also simulated the process with ANSYS and
verified the model by comparing the results with measured temperatures. What makes this
model different is that we did not neglect the rotation of the workpiece. The model shows the
temperature results for a rotating shaft being heated by the laser.

We also studied the surface finish. Among our tests, the best surface roughness result belongs
to Case 15, where the laser power is 125 W, the spindle speed is 500 rpm, and the feed rate is
0.0005 in./rev with CBN tool. We studied the effect of feed rate, spindle speed and laser power
on surface roughness and maximum surface temperature.

The simulation modeling predictions matched the experimental measured temperature with
more than 95% accuracy. Hence, Model 1 accurately predicts the laser power of 125 W for 10
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sec, with spindle speed of 500 RPM. When Model 2 is compared with Model I and experimental
trends, we can see that the effect of rotation is about 200 degrees.

It was found that increasing the power or decreasing the feed rate will increase the surface
temperature. According to both literature [4] and our experiments, we can conclude that it is
easier (less force) to machine silicon nitride when the temperature rises. However, we don’t
want to overheat the material, so we need to find a parameter set that best fits our
requirements for surface finish while avoiding burning the surface; the best range for material
removal is 1200-1300 oC [3,17]. Research shows that for with heating the material to 520 oC, we
have 40-50 % reduction in cutting force [17].

The offered model is the most accurate model among current models for laser-assisted
machining because we had fewer assumptions compared to recent models [18], and since the
effect of the rotation has not been neglected, we are able to see the temperature results not
only on the surface but also at any point inside the workpiece. The other good thing about this
model is that it is easy to get results for different materials or different powers. Not only don’t
we need to neglect convection and radiation [3], but it is also easy to change them for different
conditions since we use ANSYS workbench [3,15].
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Finally, we can see the temperature in the depth of cut, and it can help us develop future
models and choose parameters for future works. Although temperature in the depth of cut is
more important than the surface, we couldn’t measure the temperature inside the material
with pyrometer or former models because of their assumptions.

6. Future Works
For future work, we would expand the NIU LAM model for different ceramics and hard-tomachine alloys like titanium. This only requires changing the properties in ANSYS and running
the analysis. Model I takes less than two hours to solve the FEM with a PC. However we need
to validate the results of the simulation to empirically measure temperature to assure that
Model I is valid for other materials as well.
Model 3 is a single rod that consists of 150 bodies connected to each other. Each part is a 0.039
in. long cylinder with diameter of 1 in. and the overall length of the model is 0.232283 in. again.
The CAD model for Model 3 is in Figure 46.

One can apply the laser power on the outer surface of each part based on the feed rate of the
laser. However as you can see, we need to make an assumption which is neglecting the rotation
of the shaft, and for higher spindle rate, we might be able to assume that the laser is heating all
around the surface. In other words, this (Model 3) is a better version over Model 2. Since the
most important thing for us is to know the temperature in the depth of cut, based on the power
and feed rate, this model can be a useful tool to calculate the temperature and depth of cut.
Although the temperatures on the surface may vary for Models 1 and 2 (1100-900 oC), the
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temperatures in depth of cut are closer. We can apply the power on each surface of Model 3 as
a pulsed function based on the feed rate.

Figure 46- CAD file for Model 3

Model 4 (shown in Figure 47) has a circular shaft on top to simulate the laser. It can use internal
heat generation and heat flow, and then we can connect the thermal and static models as
shown in Figure 48. After that, we can go to static part and define rotational joint between the
small rod (laser) and larger rod (workpiece). Then we can model the triangular body as the
cutting tool and apply a directional speed. Then we should calculate the cutting force and
generated stress in tool. Each version of ANSYS is better than the former version, so this model
is recommended for ANSYS 16 or better versions.
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Figure 47- CAD file for Model 5

Figure 48- How to combine systems
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